The mechanisms for acquisition of iron by Haemophilus influenzae and their role in pathogenesis are not known. Heme and nonheme sources of iron were evaluated for their effect on growth of type b and nontypable strains of II. influenzae in an iron-restricted, defined medium. All 13 strains acquired iron from heme, hemoglobin, hemoglobin-haptoglobin, and heme-hemopexin. Among nonheme sources of protein-bound iron, growth of H. influenzae was enhanced by partially saturated human transferrin but not by lactoferrin or ferritin. Purified ferrienterochelin and ferridesferrioxamine failed to provide iron to H. influenzae, and the supernatants of H. influenzae Ela grown in iron-restricted medium failed to enhance iron-restricted growth of siderophore-dependent strains of Escherichia coli, Salmonella typhimurium, and Arthrobacter terregens. Marked alterations in the profile of outer membrane proteins of H. influenzae were observed when the level of free iron was varied between 1 ,uM and 1 mM. Catechols were not detected in the supernatants of strain Ela; however, iron-related hydroxamate production was detected by two biochemical assays. We conclude that the sources of iron for H. influenzaeare diverse. The significance of hydroxamate production and iron-related outer membrane proteins to H. influenzae iron acquisition is not yet clear.
Haemophilus influenzae is the most frequent cause of bacterial meningitis in the United States, with age-related incidence peaking within the first year of age; approximately 10,000 infants are affected annually (14) . Other invasive infections due to H. influenzae include bacteremia, pneumonia, epiglottitis, and arthritis (16) .
Greater than 95% of invasive isolates of H. influenzae are encapsulated with the type b polysaccharide (38) ; and production of the type b capsule is known to contribute to H. influenzae virulence (31) . Research in several laboratories is currently focused on the contribution of additional factors, including lipopolysaccharide (19) and immunoglobulin A protease (13) , to the virulence of H. influenzae type b.
High-affinity iron acquisition by pathogenic microorganisms may play a role in the development of infections in mammalian hosts, due to the severely limited availability of iron in vivo. Excess iron contributes to virulence of many bacterial pathogens in animal infection models (6) , and possession of specific iron uptake mechanisms has been associated with invasiveness (21) . Thus, iron acquisition systems may help to define virulent populations of bacterial species. Additionally, certain iron-regulated outer membrane proteins (OMP) are immunogenic (5, 17) ; the utility of these OMP as vaccine candidates has not been defined.
It has been reported (18) been described previously (35) . Escherichia coli LG1315 (39), Shigella boydii 1392 (20) , and Salmonella typhimurium LT-2 enbl (30) were provided by Shelley Payne, University of Texas, Austin.
Storage and growth of H. influenzae in supplemented brain heart infusion have been described (35) . For defined growth of H. influenzae, Haemophilus defined medium (HDM; 35) or modified HDM (mHDM) was used. mHDM is identical to HDM except that oxaloacetic acid is removed, phosphate is reduced to 0.03%, and the medium is buffered with 0.1 M Tris hydrochloride to pH 7.2. All of these modifications are intended to remove sources of iron-binding activity from HDM and to prevent removal of iron by mHDM from the iron-binding dye Crome Azurol S (33) . Agar was added to 1.5% for the plate assays. Protoporphyrin IX (2 ,ug/ml) was provided as a precursor for heme synthesis; after digestion with perchloric acid (7), protoporphyrin IX (lot 13F-0598; Sigma Chemical Co., St. Louis, Mo.) contained . 1% iron contamination. When added, iron was supplied as Fe(NO3)3. Contaminating iron was made unavailable by the addition of deferrated (32) ethylenediaminedi(o-hydroxy)phenylacetic acid (EDDA) to 20 ,uM. Glassware for growth in media containing defined concentrations of iron was acid rinsed; the media contained s5 x 10-7 M iron before iron supplementation. Liquid media were inoculated as described by Herrington and Sparling (18) , with minor modification. Growth was monitored with a KlettSummerson apparatus.
Iron-binding compounds. Partially heme-saturated human serum hemopexin, human serum haptoglobin, and human serum albumin were purified and prepared as described previously (35) . Human serum transferrin (Sigma) was deferrated by dialysis against two changes of 0.1 M sodium citrate-acetate (pH 4.5), followed by dialysis against T buffer (20 mM sodium bicarbonate in 40 (4) . OMP were isolated as described previously (35) . Protein concentrations were determined by the method of Lowry et al. (22) with bovine serum albumin as a standard. OMP were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis with a 10% separating gel (36) hydroxamates by these cultures. These supernatants were also positive in the iron-binding assay of Atkin and Neilands (4), which is also specific to hydroxamates. Figure 1 shows the production of hydroxamates in the supernatants of cultures of H. influenzae Ela grown in mHDM containing various concentrations of iron. Differences in growth rate in mHDM containing various iron concentrations were not detected. After 6 and 24 h, hydroxamate production was maximal in mHDM containing 10-4 M Fe(III). Along with H. influenzae Ela, two additional H. influenzae type b strains and one nontypable strain produced hydroxamates in mHDM containing 10-4 M iron (data not shown). Greater than 90% of the hydroxamate compounds remained in the supernatant after centrifugation at 100,000 x g for 1 h. Whether the hydroxamate(s) produced by H. influenzae provides iron to siderophore-dependent microbial species has not been evaluated. Iron regulation of H. influenzae Ela OMP. We observed distinctive changes in OMP patterns of H. influenzae Ela grown in defined medium when the concentration of iron was varied (Fig. 2) . Our results support those of others (18), who reported increased expression of 90-to 95-kilodalton (kDa) OMP in iron-limited cultures of H. influenzae. In addition to these high-molecular-weight molecules, we also observed increased expression of a 77-kDa OMP by H. influenzae Ela grown in low iron concentrations. Two OMPs, estimated at 65 and 24 kDa, became more abundant as the iron concentration was increased. Finally, we noted two OMPs of 83 and 74 kDa which were expressed only when the iron concentration was increased to 1 mM. Of these iron-related OMP, only the 83-, 74-, and 65-kDa proteins were evident after growth of H. influenzae Ela in supplemented brain heart infusion broth (data not shown). 
